Abstract The goal of this paper is introducing the citer-success-index (cs-index), i.e. an indicator that uses the number of different citers as a proxy for the impact of a generic set of papers. For each of the articles of interest, it is defined a comparison term-which represents the number of citers that, on average, an article published in a certain period and scientific field is expected to ''infect''-to be compared with the actual number of citers of the article. Similarly to the recently proposed success-index (Franceschini et al. Scientometrics 92(3):621-6415, 2011), the cs-index allows to select a subset of ''elite'' papers. The cs-index is analyzed from a conceptual and empirical perspective. Special attention is devoted to the study of the link between the number of citers and cited authors relating to articles from different fields, and the possible correlation between the cs-and the successindex. Some advantages of the cs-index are that (i) it can be applied to multidisciplinary groups of papers, thanks to the field-normalization that it achieves at the level of individual paper and (ii) it is not significantly affected by self citers and recurrent citers. The main drawback is its computational complexity.
Introduction and literature review
In bibliometrics, one of the main analysis dimensions is the impact of scientific publications, which is commonly estimated by counting the number of citations that they accumulate over time (Egghe and Rousseau 1990) . As an alternative to citations, Dieks and Chang (1976) and Braun et al. (1985) suggested to use the total number of different citers (or citing authors), i.e. the members of the scientific community who are ''infected'' by a certain paper. The number of different citers is a proxy which is harder to compute, but more elegant, as only marginally affected by citations from self citers and recurrent citers.
More than 10 years ago, White (2001) carried out an investigation at the level of citers, in which the habit of citing other authors is seen as a characteristic of the writing style of scientists.
The idea of citers was recently dug up by Ajiferuke and Wolfram (2010) , who proposed and implemented an indicator based on citers, without encountering the computational obstacles of the past, thanks to the current evolution of databases and information management tools. The indicator is the ch-index, which is a variant of the very well-known hindex (Hirsch, 2005) . The ch-index was empirically analyzed by Franceschini et al. (2010) , showing (i) the general correlation between ch and h, and (ii) the potential of ch in complementing the information given by h. A theoretical interpretation of the correlation between ch and h was recently provided by Egghe (2012) .
In this article we focus the attention on the success-index (s-index), i.e. a recent indicator that, for a generic set of articles, allows to select an ''elite'' subset, according to a logic different from that of h (Franceschini et al. 2012) . The s-index is defined as the number of papers with a number of citations greater than or equal to CT i , i.e. a generic comparison term associated with the i-th publication. CT i is a conventional proxy for the number of citations that articles of the same scientific area and period of time of the article of interest (i.e. the i-th publication) are likely to obtain.
With the aim of formalizing this definition, a score is associated with each (i-th) of the (P) publications of interest:
where c i are the citations obtained by the i-th publication. The s-index is therefore given by:
Apart from s, there are other indicators in the literature that allow to select an elite subset (Vinkler 2010) , based on the comparison between the number of citations accumulated by each paper and a threshold. E.g. let us consider the selection by P top 10 % -indicator (Bornmann 2013) , that by p-indicator (Vinkler 2009 (Vinkler , 2011 , the characteristic scores and scales method (Glänzel 2011) or the ESI's Highly Cited Papers method (ISI Web of Knowledge 2012). We remark that, differently from s, the aforementioned methods require that the set of publications examined are preliminarily categorized into scientific (sub-)disciplines.
As regards the s-index, there are several options for constructing the CT i related to an ith paper of interest. The more accurate methods are also the more complex and computationally burdensome. Therefore, the conventional choice of the option to be adopted depends on the needs of the specific case. In general, three issues are crucial (Franceschini et al. 2013a, b): 1. Defining the procedure for selecting a reference sample of homologous publications. Possible approaches are: (i) the selection of papers of same age, type (e.g. research article, review, letter, etc.) and published by the same journal of the i-th paper of interest, (ii) the use of superimposed classifications such as ISI subject categories, (iii) the implementation of ''adaptive'' techniques in which the sample is determined considering the ''neighbourhood'' of the paper of interest-typically consisting of the set of papers citing or being cited by it. 2. Deciding whether to consider (i) the distribution of the number of references given or (ii) the citations obtained by the publications of the sample. 3. Identifying a suitable (central tendency) indicator for obtaining CT i from the distribution of interest, e.g. mean, median, harmonic mean, percentiles, etc.
For the purpose of example, a possible option for constructing CT i is using the mean value of the distribution of the number of references given by the articles that cite a sample of articles, in the same ISI subject category of the article of interest. For more information on the strategies for constructing CT i , we refer the reader to (Franceschini et al. 2013a, b) .
Regarding point (2), Franceschini et al. (2012 Franceschini et al. ( , 2013a state that indicators based on the distribution of references given-rather than citations obtained-have several advantages:
• The number of references is fixed over time, while the number of citations obtained tends to increase and requires a certain accumulation period to stabilize.
• This stability is also derived by the fact that the number of references is likely to be less variable than the number of citations obtained.
• Bibliographic references are less influenced by journal particularities, such as the average citation impact of articles.
Conceptually, the link between references given (by the papers of the reference sample) and citations obtained (by the papers of interest) originates from a simple consideration: focussing on the totality of the scientific literature in a certain field and according to a simplified model configuration of isolated fields-i.e. excluding transfers of citations between different disciplines (see Fig. 1 )-the following relationship applies:
where P is the total number of articles (that can cite each other) in the isolated field; c i is the number of citations obtained by the i-th paper; r i is the number of citations given by the i-th paper. The equality of Eq. 3 can also be expressed in terms of average values:
For more detailed and rigorous information on the relation between the " c and " r values concerning a set of documents, we refer the reader to (Egghe and Rousseau 1990) .
Returning to the s-index, apart from the simplicity of meaning, a great advantage is that it implements a field-normalization at the level of single paper and can therefore be applied Scientometrics (2014) 101:963-983 965 to multidisciplinary groups of articles, for instance the whole production output of a research institution. Another important quality of the s-index is that it is defined on a ratio scale. This feature has several practical implications that make this indicator more versatile than others-such as the h-index, which is defined on an ordinal scale (Franceschini et al. 2012 ):
• The s-index reflects compositions of the input publication sets (with the corresponding citations). In other terms, the union of two groups of publications with s-index of 2 and 5 (with no common publications) will always originate a third group of publications with s-index of 2 ? 5 = 7. This simple property is very useful for extending the use of the s-index to multi-disciplinary institutions, e.g. joining groups of publications from different scientific fields.
• The s-index eases normalizations aimed at obtaining the so-called size-independency (Franceschini et al. 2013a) . Given a general group of papers and the same capacity of producing successful papers, it is reasonable to assume that thr s-index should increase proportionally with the different types of ''resources'' deployed. In fact, several normalized indicators can be obtained dividing the s-index by the resource unit of interest; e.g. the staff number of a research institution, the age of a researcher, the number of articles of a journal, the amount of funding received in a certain period, etc.
The purpose of the paper is introducing the citer-success-index (or cs-index), i.e. a variant of the s-index, which is based on citers instead of citations, according to a logic similar to that of ch. Before getting into the problem, Fig. 2 introduces the reader to the indicators and notation that will be used in the remaining of the paper.
Given a set of articles, the cs-index identifies a subset for which the number of different citers of an i-th article exceeds a specified comparison term cCT i . Formalizing, a score is associated with each i-th of the (P) publications of interest: 
where c i are the unique citers related to the i-th publication. The word ''unique'' means that repeated citers are counted only once. The cs-index is therefore given by: Table 1 exemplifies the calculation of the s-and cs-index for a fictitious set of papers. In analogy with CT i , cCT i is an estimate of the number of unique citers that articles homologous to that of interest are likely to ''infect''. Similarly to CT i , there are three basic steps when constructing the cCT i relating to an ith article of interest:
1. Selecting a sample of articles homologous to that interest. 2. Deciding whether to consider the distribution of (i) unique citers or (ii) unique cited authors, relating to the papers of the sample. 3. Defining cCT i by an indicator of central tendency, applied to the distribution chosen at point (2).
For the purpose of example, a possible option for constructing cCT i is using the mean value of the distribution of the number of unique (citing) authors of articles that cite a sample of articles, in the same ISI subject category of the article of interest.
The choice at point (2) is more delicate than in the case of the s-index. Intuitively, it may appear convenient to use the distribution of unique cited authors for the same reasons for which, in the case of the s-index, it was convenient to use the distribution of references. However, the link between unique citers and unique cited authors is not necessarily similar to that between r i and c i values; even in a model configuration of isolated fields: 
Being P the total number of papers in the isolated field; c i the number of unique citers of the i-th paper; q i the number of unique authors cited by the i-th paper.
The reason for this lack of parallelism is twofold and will be examined later in the manuscript.
The rest of the paper is structured in three sections. The ''General link between citers and cited authors'' section investigates whether it is appropriate to construct the cCT i by using the distribution of the number of unique authors cited by a sample of papers. The ''Preliminary empirical analysis of the cs-index'' section delves into the issue raised in the previous section, examining a large number of papers from different fields. After defining the cCT i properly, it is studied the correlation between the s-and the cs-index. Finally, the ''Further remarks'' section summarizes the original contributions of the paper and the main advantages and disadvantages of the cs-index.
This paper is the extended version of the paper (Franceschini et al. 2013a, b) , presented at ISSI'13 (14th International Society of Scientometrics and Informetrics Conference) in Vienna, Austria, July 2013.
General link between citers and cited authors
Even modelling a scientific field as isolated and considering the totality of the scientific production in it, there are two possible elements of diversity among citing and cited papers: (i) different average number of authors per paper, and (ii) different percentage of unique authors. Let us clarify this point with simple mathematical considerations. The quantity P P i¼1 c i can be expressed as:
in which c i is the number of unique citers of the i-th paper in the isolated field; c a i (Cc i ) is the total number of citers (even repeated, in the case that some citing papers are (co-)authored by the same individuals) related to the i-th paper; c i is the number of citing papers (or the number of citations obtained) relating to the i-th paper; P is the total number of articles in the isolated field. s-index = 4 cs-index = 3
As shown in Eq. 8, the quantity
c i can also be seen as the product of three terms:
e. the percentage of unique citers; c app = P c a i / P c i (C1) i.e. the average number of authors per citing paper; P P i¼1 c i the total number of citations obtained.
A ''decomposition'' similar to that of Eq. 8 may apply to the quantity P P i¼1 q i :
in which q i is the number of unique authors cited by the i-th paper in the isolated field; r a i (C q i ) is the total number of cited authors (even repeated, in the case that some cited papers are (co-)authored by the same individuals) related to the i-th paper; r i is the number of papers cited (or the number of bibliographic references) relating to the i-th paper; P is the total number of articles in the isolated field.
Similarly to
q i can be seen as the product of three terms:
i.e. the percentage of unique cited authors;
e. the average number of authors per cited paper. P P i¼1 r i the total number of references given.
Combining Eqs. 8 and 9 with Eq. 3, it is obtained:
The ''balanced'' situation P c i = P q i can be achieved in the case the following two (sufficient but not necessary) conditions occur (also see the exemplification in Fig. 3 ):
that is to say, (i) equal average percentage of unique authors and (ii) equal average number of authors for the papers citing and being cited by the total P papers in the isolated field. Equation 7 could also be met without necessarily satisfying the two conditions in Eq. 11, that is to say in the case the quantity in brackets in Eq. 10 was unitary. However, there is no practical reason that justifies the occurrence of this coincidence, which is purely conjectural. On the other hand, the two conditions of Eq. 11 seem reasonable for (citing and cited) papers within the same field. In any case, they will be tested empirically in the next section.
Preliminary empirical analysis of the cs-index

Data collection
A preliminary empirical analysis of the cs-index is performed by selecting some papers from a set of journals of seven different ISI subject categories (in brackets the total number of journals indexed by Thomson Scientific in each category): Biology (85), Analytical Chemistry (73), Manufacturing Engineering (37), Mathematics (289), General & Internal Medicine (155), Applied Physics (125), Psychology (75). For each discipline, we selected a random sample of three scientific journals. For each journal, we considered as articles of interest those produced in the 3-year period from 2008 to 2010, limiting the selection to research papers only (other document types, such as reviews, conference papers or letters, were excluded). Table 2 The choice of a time window for citations accumulation of 1 year (2011) is to simplify the analysis.
2. Determination of an appropriate cCT i , which takes into account the propensity to obtain citations from different authors. The construction of cCT i is based on a sample of S articles that are issued in 2011 by the same journal of the (i-th) article of interest.
For each j-th of the articles of the sample, we determine:
r j the number of cited papers that were published in the three-year period from 2008 to 2010 and are indexed by the database in use. These constraints were introduced to be consistent with the time window described at point (1) (Moed 2011) ; r a j the total number of cited authors (even repeated, if different cited papers are authored by the same individuals); q j the total number of unique cited authors, obtained by the union of the ( r a i ) total cited authors, removing those repeated.
Next, the distribution of the q j values (relating to the papers of the sample) is constructed and the cCT i is defined by an appropriate central tendency indicator-e.g. the mean ( " q) or median (q). This construction (schematized in Fig. 4 ) is based on the assumption that, referring to the i-th article, the propensity to be cited by different authors is, on average, reasonably close to the propensity to cite different authors, referring to articles issued by the same journal. According to this construction, articles published in the same journal and in the same year will have the same cCT i value. Probably, a more rigorous way to estimate the cCT i -but also computationally more expensive-is to use the distribution of the q j values relating to the articles that cite other articles, issued by the article of interest's journal. For further information about this point, please refer to (Franceschini et al. 2013a) .
The cs-index related to the articles of each journal can be calculated using the cCT i determined at point (2) (according to Eq. 5). The information at point (2) can also be used to determine the average number of authors ( r app) and the percentage of unique authors ( r p) of the articles cited by the (S) articles of the sample (see Eq. 9). Similarly, the information at point (1) can be used to determine the average number of authors ( c app) and the percentage of unique authors ( c p) of the articles that cite the (P) articles of interest (see Eq. 8).
The overall c app, r app, c p and r p values of the seven fields examined can be estimated by aggregating data related to the three journals considered in each discipline.
Information at point (1) can also be used to build other indicators: C (i.e., total number of citations), CPP (i.e., average citations per paper), h, ch and s. As regards the s-index, we will compare the (c i ) citations obtained by each (i-th) paper with a CT i represented by the mean or median number of references (" r andr respectively) that are given by each (j-th) of the articles of the sample.
Conventionally, all indicators are constructed considering the citations obtained in 2011 and the references given to (cited) articles, issued from 2008 to 2010 and indexed by WoS. Table 3 summarizes the name, meaning and the calculation method of the major indicators used in the empirical analysis. The purpose of this table is to ease the understanding of the remaining of the paper. Data analysis Table 4 summarises the results of the empirical analysis. For each journal, the C = P c i total citing papers are those citing each (i-th) of the P papers of interest, and the R = P r i total cited papers are the ones cited by each (j-th) of the S articles of the sample. All statistics were constructed considering the aforementioned time windows and the papers indexed by WoS.
For a specific journal, there are marginal differences between citing and cited authors, as regards (i) the average number of authors per paper (i.e. c app and r app values) and (ii) the percentage of unique authors (i.e. c p and r p values). Besides, there are relatively small variations among the three journals in a specific field. For this reason, it seems appropriate to calculate some aggregated indicators for the whole disciplines (see ''overall'' indicators in Table 4 ). The determination of the overall indicators-by joining the data related to the three journals in each discipline-is extended to all the indicators presented in Table 4 . In the case of the cs-index and s-index, overall indicators are constructed using cCT i and CT i values determined on the basis of macrosamples obtained by joining the articles issued in 2011 by the three journals selected for each discipline.
Returning to the comparison between c app and r app values in each field, a simple way to visualize their similarity is through box-plots based on overall statistics. In particular, two distributions are considered; (i) that of the number of authors per paper relating to articles that cite the papers of interest, and (ii) that of the papers cited by the papers of the (macro-)sample (see Fig. 5 ).
It can be seen that, for each discipline, the notches of the two box-plots (respectively for citing and cited papers) almost completely overlap, supporting the view of absence of systematic differences between the two distributions. The same hypothesis can be tested by more rigorous statistical tests, albeit introducing additional assumptions about distributions. On the contrary, when comparing different fields there are systematic differences, confirming what observed in other studies (Glänzel 2002) . For example, let us consider the comparison between the notches relating to Mathematics and Physiscs.
As regards the comparison between c p and r p values, the question is a bit more complicated: the overall percentages of different authors (respectively citing or cited) can be seen as weighted averages of the same percentages, at the level of individual papers:
c a i Table 4 Summary of the analysis results. For each of the journals (in Table 2 ), we report the indicators illustrated in the ''Data collection'' sub-section
Field
Journ. The box-plots relating to weighted quartiles are represented in Fig. 6 . The differences between the c p i and r p j distributions within the same field seem insignificant. We also note the absence of significant differences between fields.
Returning to Table 4 , there are relatively little differences in terms of cCT i values (i.e. estimators of the propensity to cite different authors), for journals of the same field. Some exceptions are: Bio2 for Biology and Eng1 for Engineering. This incomplete uniformity is probably due to the fact that some journals are influenced by publications of neighbouring fields, with different citation propensity. For a more rigorous estimate, it would probably be appropriate to define cCT i s using a larger sample of papers/journals. No. of (co-)authors per paper Fig. 5 Box-plot of the distribution of the number of (co-)authors relating to the citing and cited papers, concerning the seven fields examined. Citing papers are those that cite the P papers of interest while cited papers are those cited by the S papers of the macro-sample. Q
(1) , Q (2) and Q (3) are the first, second and the third quartile of the distributions of interest Table 4 are reported two different cCT j s: i.e. using " q andq. In general, the resulting values are higher in the first case. This probably depends on the incidence of papers characterized by hyperauthorship-i.e. literally tens or even hundreds of authors (Cronin 2001 )-which tends to ''inflate'' " q but notq, as the latter indicator is only marginally sensitive to the right tail of the distribution of q j values.
Another interesting aspect is the link between cs-index and s-index. The diagram in Fig. 7 -which is constructed using cCT i = " q and CT i = " r (in Table 4 )-shows a strong correlation (R 2 & 89 %), similar to that between ch and h (Franceschini et al. 2010; Egghe 2012) . All the points of the graph-although resulting from articles of different scientific fields-tend to be distributed around the same trend line, which is very close to the bisector of the cs-s plane.
In the absence of ''anomalies''-e.g. high incidence of self-citations or citations from recurrent citing authors-the cs-index and s-index should be very close. Therefore, the study of their difference can be useful to highlight abnormal situations. Relationship between the cs-and s-index for the journals examined. Indicators are calculated considering respectively cCT i = " q and CT i = " r (see Table 4 ) In this specific case, there is no important difference between the journals analyzed, in terms of citations from self-or recurrent citers; this is also proven by the relatively similar c p values (in Table 4 ). The relatively important deviation of Eng1 from the tendency line is due to an abnormal citation transfer from external disciplines with different propensity to co-authorship. Precisely, it was observed that a relatively low portion (lower than 10 %) of the papers issued by Eng1 obtained several citations from journals in the Applied Chemistry field, in which co-authorship is relatively higher than that in the Engineering field. This is proven by the fact that the Eng1's c app value is ''inflated'' with respect to that ones of the other two journals in the same field (i.e. Eng2 and Eng3; see Table 4 ). Table 5 shows the Spearman's rank correlation coefficients (Kendall 1970) relating to the indicators of impact in Table 4 , at the level of single journal. Not surprisingly, most of the indicators are positively correlated. The only exception is the absence of correlation between the CPP and the cs-and s-index; the reason probably comes from the fact that the former, contrarily to the other ones, is size-dependent and non-field-normalized.
Final remarks
The first part of this study revealed that the comparison term (cCT i ) of the cs-index can be constructed using the distribution of the q j values related to the papers of a sample. This is justified by the absence of systematic differences between (i) the average number of authors and (ii) the average percentage of unique authors, between citing and cited papers in a certain field. On the other hand, the analysis confirmed some systematic differences between fields, as regards the average number of authors per paper.
The empirical analysis is that the cs-index, although generally correlated with the sindex, can complement it, being only marginally affected by self-citations and citations from recurrent citers. Similarly to the s-index, the cs-index has an immediate meaning and is practical for normalizations aimed at obtaining the so-called size-independency, thanks to the ratio scale property (Franceschini et al. 2012) . For example, scientific journals with a different number (P) of articles could be easily compared by means of the percentage of ''successful'' papers, i.e., cs-index/P.
Even if it was not shown directly in this paper, another advantage ''inherited'' by the sindex is that cs-index can be calculated for a set of multidisciplinary articles, thanks to the field-normalization that it achieves at the level of individual paper. For example, the csindex can be used as a proxy for synthesizing the productivity and impact of (i) the whole publication output of scientists involved in multiple disciplines (e.g. mathematicians or computer scientists actively involved in bibliometrics), or (ii) that of entire multidisciplinary research institutions.
The major disadvantage of the cs-index is the computational complexity of the cCT i values. E.g. our data collection and analysis-which was performed by an ad hoc application software able to query the WoS database automatically-took about twenty consecutive hours.
Another problem of the cs-index, as well as the totality of indicators based on the number of unique (citing/cited) authors, is author disambiguation (Jovanovic and Fritsche 2011) . There are two typical error types. The first is represented by homonymous authors. Generally, authors with common names (e.g. Chinese family names) or identified by full surname and first name(s)' initial(s)-rather than full first name(s)-are subject to this kind of problem. The practical effect is that contributions of different homonym authors are erroneously added up. The second error type is that of failing to recognize a repeated author, e.g. due to multiple name spellings originated from omitted accents or omitted first names initials. The authors are aware that the only way to solve the disambiguation problem once and for all would be the use of a unified identifying system for scientific authors, i.e. a ''universal registry'' associating each author with a unique identifier (Dervos et al. 2006) . Unfortunately, such a system is not yet available, although some attempts, such as the ResearcherID tool by Thomson Reuters, seem to go in this direction.
Finally, a potential drawback of cs-index is represented by hyperauthorship, which could lead to inflate cCT i values. A partial solution to this problem is (i) to determine cCT i by indicators that are insensitive to the right-hand tail of the distribution of q j (e.g.q), or (ii) to apply some exclusion criteria, so as to curtail the count of the authors of a certain paper, according to a conventional threshold.
